Prochlorococcus species found only in marine ecosystems [9] . The explanation for such 48 differences is not clear considering that the pelagic habitats of off-shore marine waters 49 and oligotrophic lakes are overall similar. There are two obvious differences, salinity 50 and the influence of terrestrially derived organic matter in lakes, that does not reach 51 off-shore marine waters [1] . There are reports of multiple marine clades being 52 detected albeit in small numbers in freshwater habitats [10] [11] [12] and the opposite is 53 true for marine regions neighboring the continents, particularly near large estuaries 54 like the Amazon on the Atlantic coast of Brazil [13] . Thus, the differences cannot be 55 explained by physical isolation between these aquatic environments. 56 57 One problem to understand the real differences between these two major types of 58 aquatic systems is the enormous diversity within habitats, particularly freshwater 59 lakes, in their trophic status (from oligotrophic to highly eutrophic), nutrient 60 concentrations (phosphorous limitation) and other environmental parameters, all of 61 them having profound implications in the taxonomic composition. Recently, we were 62 involved in the first metagenomic study of Lake Baikal, Siberia, Russia [14] . This is the 63 largest and deepest (max. 1600 m, average 1300 m) lake on Earth [15] , 64 ultraoligotrophic and with relatively little influence from terrestrial sources (all 65 features that make it similar to marine off-shore waters) while having very low salt 66 content (dominated by Ca 2+ and HCO 3 -, being particularly low in Na + and K + ) [16] [17] [18] . 67 Interestingly, we found some groups with close relatives among bona fide marine 68 lineages, including the first freshwater Pelagibacter-like metagenome assembled 69 genome (MAG) inside the typically marine clades I/II [14] . In previous studies, we 70 compared the pI patterns of SAR11 [14] and Synechococcus [19] with their marine 71 close relatives and we noticed significant differences in the acidity and basicity of their 72 proteomes, which were consistently found between the marine and their freshwater 73 counterparts. 74 75
The variations in the global pI plots in the proteomes of bacteria or archaea depend on 76 the amino acid overall charge, that has important implications on protein structure 77 and properties [20] . It is generally accepted that prokaryotic genomes have a bimodal 78 shape with two maxima [21] , one at acidic pH corresponding largely to dissolved 79 proteins (cytoplasmic or secreted) and one at basic pH of the membrane proteins that 80 have a basic (positively charged) domain intracellularly to facilitate the generation of a 81 proton motive force. In between these two peaks there is a minimum at ca. neutral 82 values that corresponds to the intracellular pH at which proteins of equivalent pI value 83 would be the least soluble. In salt-in halophiles the alkaline peak nearly disappears 84 because they have a large amount of intracellular K + [22] . The adaptation to 85 hypersaline environments (containing much more than the salinity of seawater) leads 86 to these changes in their inhabitants (halophiles) and has been known for long [23] . A global metagenomic approach was first used to assess if the changes in pI could be 116 detected in the microbial community as a whole. Specifically, we used metagenomic 117 datasets from freshwater (Tous reservoir and Lake Baikal), brackish (Caspian Sea) and 118 marine (Mediterranean Sea) systems from similar depths, which were assembled and 119 annotated, taking all proteins from contigs > 5 Kb for the analysis and obtaining sets of 120 more than 85,000 proteins ( Fig. 1) . Interestingly, three peaks were observed located at 121 nearly identical pH values (4.5, 6.8 and 9.8) for the different aquatic habitats in spite of 122 the large differences in salinity (ca. 0.05, 2 and 3.8 % respectively) and community 123 structure [14, 25, 26] . A major difference was observed in the acidic peak, with 124 brackish and marine environments having higher relative frequencies of lower pIs, 125 compared to their freshwater counterparts. On the other hand, it is observable a 126 higher peak of neutral pIs in freshwater systems. Finally, the distribution of basic pIs 127 (8-9.5) is also higher in freshwater systems. The relative frequencies of pIs from 9.5-14 128 are a little higher in the Mediterranean Sea, but this could just be a result of a 129 taxonomy bias due to the abundance of SAR11 clade microbes in this sample (see 130 below). However, these changes could just reflect the variation in the community 131 structure i.e. very different taxonomic composition depending on the habitat. 132 133
Overall pI pattern in different phyla 134 135
To assess if the differences in the global pI distributions were due to the taxonomic 136 bias we selected a total of 74 prokaryotes from public database (Supplementary Data 137 Set S1) and compared their overall pI values. We used examples of bona fide 138 freshwater, brackish and marine microbes, some of them retrieved from the 139 environments compared in Fig. 1 general trend that is conserved in the four cases is the higher percentage of acid amino 220 acids (aspartic and glutamic) in the marine representatives (from 0.6 to 1.4 % higher). 221 This is in agreement with the overall higher peak of acidic proteome pIs in these salt-222 adapted microbes. Actually, the global percentage of charged amino acids comprising 223 both acid and basic types (aspartic and glutamic acids, lysine, histidine and arginine), is 224 higher in marine microbes i.e. the acid increase in marine is more accentuated than 225 the basic in freshwater representatives. However, three out of four freshwater 226 microbes analyzed here display higher percentages of basic amino acids compared 227 with their marine relatives. The only exception observed is the case of S. lacustris Tous, 228 which presents a nearly identical % of basic amino acids when compared with the 229 marine relative Synechococcus RCC307. Nevertheless, there are noticeable differences, 230 for instance, S.lacustris shows a higher percentage of lysine (K) residues on its whole 231 proteome, whilst RCC307 compensates this decrease in lysine by having more arginine 232 (R) residues, resulting in practically the same % of total basic amino acids in both 233 As could be expected, there is a taxonomic factor in the pI patterns, for example, 321 SAR11 clade members tend to have the pI plot displaced towards basic values. Still, 322 even in these cases, the differential value in the freshwater-marine comparison was 323 detectable (i.e. regardless of the pI range always marine have more acidic average 324 values). That streamlined bacteria, independently of their origin, should have a 325 tendency to basicity in their pIs is to be expected (Fig. S10 from Supplementary 326 Material) considering their higher surface/volume ratio, leading to a higher 327 membrane/cytoplasmic proteins ratio. This general pattern was confirmed by the 328 amino acid composition that shows common trends in organisms as phylogenetically 329 distant as Pelagibacter and Thaumarchaeota. In marine microbes there was always a 330 decrease in basic amino acids and an increase in acid ones. It was also remarkable that 331 in closely related marine and freshwater microbes AAI was similar and (in most cases) 332 lower than ANI i.e. amino acid similarity is lower than nucleotide identity. This was also 333 observed in freshwater, euryhaline and marine Synechococcus/Cyanobium genera [42] . 334 This is the opposite to what is found when comparing similarly distant microbes but 335 living in the same type of aquatic habitat, such as freshwater acI Actinobacteria [5] . 336
The values are consistently AAI<ANI as could be expected from the existence of neutral 337 changes due to the degeneration of the genetic code. 338 339
Our work underscores the important changes that a microbe must suffer to get 340 adapted to freshwater from a marine habitat or vice versa. If many (or most) proteins 341 change in their amino acidic composition the amount of changes and evolutionary 342 time involved have to be large and consequently, it is not a simple evolutionary step. 343
Although several studies assured that marine-freshwater transitions tended to be 344 infrequent [43, 44] , it has been proven that some close relatives to marine microbes 345 are found in freshwater habitats (SAR11 Pelagibacteraceae, Rhodobacteraceae and 346 Flavobacteria) [10] [11] [12] 14] . Therefore, the transition, although demanding, must have 347 happened frequently in the long evolutionary history of microbes. There is a large change in amino acid composition among microbes depending on 357 whether they live in marine or freshwater habitats. The change can already be 358 detected by relatively low values of AAI (compared to ANI) and is reflected by a major 359 shift in the pI pattern of the cell proteome, with an increase in the acidic peak in the 360 marine microbes and another (albeit more moderate) in the neutral and basic peaks 361 for the freshwater ones. These changes occur also in closely related microbes i.e. they 362 do not reflect a taxonomic bias. Furthermore, we have been able to see changes in 363 individual proteins with 3D models and their overall surface electrostatic potential, 364
indicating that the changes tend to accumulate on the surface of the protein, 365 particularly when they are soluble (cytoplasmic or secreted). 366 367
We propose that our results indicate an important change in cell physiology due to the 368 absence of salts in the freshwater habitats. This absence might imply specific 369 requirements of membrane characteristics (membranes could change in composition 370 when exposed to absence of salts in significant amounts since the stability of lipid 371 bilayers could be affected), bioenergetics (differences in the electrochemical gradient 372 across the membrane) intracellular pH (a change in the intracellular pH would modify 373 the solubility of the proteins; if it was higher in freshwater adapted cells it would 374 require the proteins to be more alkaline and less acidic to optimize solubility) Fig. 1 
